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In this work, a multilayer structure composed of Gd and CoFeTaB was prepared by 
magnetron sputtering, and the effect of annealing temperatures on magnetic properties of the 
multilayer structure are investigated. The existence of interfacial antiferromagnetic coupling 
in this system was proved by analysis of microstructure, magnetic characteristics, and 
magnetic resonance characteristics. The preparation of artificial multilayer 
antiferromagnetic structure with weak stray fields was demonstrated, which provides a 
shortcut for spintronics application. 
  
Understanding and control the interface of magnetic heterojunction is very important to 
spintronic applications. The magnetic heterojunction devise based on spin-transfer torque1 
or spin-orbit torque2are typical designs of spintronics application. However, due to the 
influence of stray field around ferromagnetic materials on adjacent devices, this is bound to 
limit the further integration of spintronic devices3,4. 
In recent years, it has been found that the quantized state and ultrafast spin dynamic 
behaviors in antiferromagnetic materials can be controlled by optical or electrical means4,5. 
Moreover, there is an antiparallel arrangement between adjacent atomic magnetic moments 
in antiferromagnetic materials, which inevitably makes it not present macroscopic 
magnetism and not susceptible to interference from external magnetic fields6. Therefore, 
antiferromagnetic materials are expected to replace ferromagnetic materials as the next 
generation of high-integration spintronic materials. But the spin states and dynamic 
behaviors of antiferromagnetic materials are not only difficult to detect but also difficult to 
control generally4. The electrical control of magnetism is one of most promising driving 
methods for spintronics devices, but the control of antiferromagnetic materials still needs to 
consume a lot of energy to achieve at present, which has hindered its application7,8. 
The artificial antiferromagnetic structure combines the advantages of antiferromagnetic 
material and ferromagnetic material, such as weak macroscopic magnetism, easy detection 
and control of magnetization states, high magnetoresistance signals etc. Recently, artificial 
composited material of TMs and REs have attracted much attention9-14, due to this 
combination have abundant magnetic phase diagrams15-17. Gadolinium (Gd) as a RE metal, 
has magnetic properties of strong atomic magnetic moment and large room temperature 
magnetic entropy change, which is often used in the field of permanent magnet technology 
and magnetic refrigeration technology18,19. Amorphous CoFeTaB alloy as a TM alloy, has a 
unique combination of optical, electrical and ferromagnetic properties in one single 
material20. If two multifunctional materials are combined into one device, it will have 
important implications for the spintronic applications. In the RE/TM multilayer system, there 
is an antiferromagnetic coupling at the interface. Therefore, the Gd/CoFeTaB multilayer as 
a RE/TM heterojunction system can expect similar to Gd/Fe multilayer systems15-17, that 
there is the antiferromagnetic coupling at interface. 
In this work, microstructure, magnetic characteristics, and magnetic resonance 
characteristics of the Gd/CoFeTaB multilayer system were investigated with changing the 
annealing temperature. In order to further explore the possibility of application of the 
Gd/CoFeTaB system, the interfacial magnetic coupling mechanisms was discussed in this 
system. 
Based on the Co15Fe55Ta15B15 alloy target, the CoFeTaB(2nm)/[Gd(4.8nm) 
/CoFeTaB(2nm)]7 multilayer structures (see Fig.1(a)) with 3-nm buffer and 5-nm capping 
layers of Ta were prepared by Magnetron Sputtering System (SKY Technology Development, 
JGP-560B, China) on the n-Si<100> substrates with a natural SiO2(2nm) layer at the room 
temperature with a background pressure below 1 × 10−4 Pa. Under the argon (Ar, 99.99%) 
atmosphere, the Ta, CoFeTaB, and Gd layers were deposited with 0.3Pa, 0.5Pa, and 0.89Pa 
working pressures, respectively. To remove all possible oxide and impurities on the surface 
of targets, all targets were pre-sputtered for 3-min before depositing the sample. After the 
sputtering deposition, the samples were annealed in the vacuum annealing furnace (East 
Changing Technologies, China) with the 4 × 10−5 Pa at 200 ℃, 300 ℃, and 400 ℃. Here, 
the heating rate set to be 10 ℃/min, annealing was performed at the target temperature for 2 
hours, and then completed by natural cooling. The microstructural characteristics of all 
samples were analyzed by X-ray Diffraction (XRD, Rigaku Ultima IV, Japan) with a 
conventional Cu-Kα radiation source and Transmission Electron Microscopy (TEM, 
JEOL2010F, Japan). The magnetic characteristics and ferromagnetic resonance (FMR) 
properties were observed by the multifunctional Physical Property Measurement System 
(PPMS-VersaLab, Quantum Design, America) with changing the temperature condition. 
The Fig.1(a) shows the schematic diagram of Ta/CoFeTaB/[Gd/CoFeTaB]7/Ta multilayer 
structures on the SiO2/Si substrate The Fig. 1(b) shows the XRD pattern of multilayer 
structures annealed at different temperatures. A sharp crystalline peak originating from the 
Si<100> substrate and a broad amorphous peak originating from the multilayer structure can 
be clearly. In the broad peak region, the Gd(100) peak on the XRD patterns of unannealed 
and annealed samples at 300℃ and 400℃ are faintly visible, which means that the Gd is 
easy to crystallize but cannot form a significant peak due to the signal interference between 
Gd layers. The Fig. 1 (c) shows a TEM image of unannealed sample, where can be observed 
that the unannealed sample has an obvious multilayer structure on the SiO2/Si substrate. As 
illustrated in the inset of Fig. 1 (c), the amorphous state of CoFeTaB layer can be clearly 
observed in the unannealed sample, while the scattered local crystalline state can be observed 
in the Gd layer. The Fig. 1 (d) shows a TEM image of annealed sample at 400℃, it is found 
that the annealing did not affect the Gd(4.8nm)/CoFeTaB(2nm) multilayer structure. After 
annealing, it was observed that the CoFeTaB layers still remained amorphous state, although 
the crystallization of Gd layers is more obvious, which can be attributed to the difference in 
microstructural systems between Gd and CoFeTaB materials. 
To study the effect of annealing temperature (Ta) on the temperature-dependent 
magnetization (M) of Gd/CoFeTaB multilayer structures, under the 100 Oe auxiliary field, 
MT curves were measured with the zero field cooling (ZFC) and field cooling (FC) processes 
in the temperature range of 65~350K, as shown in Fig.2(a).The MT curve profile of 
multilayer structures is different from that of the pure Gd21 or CoFeTaB22 materials, the M 
does not decrease monotonously with the increase of temperature, which means that there 
may be magnetic coupling between Gd and CoFeTaB layers. Especially on the MT curve of 
the sample annealed at 400℃ (see orange symbol curves), it is observed that the M first 
decreases and then increases, and then decreases, with the rise of temperature. As a 
composite system composed of TM and RE, the Gd/CoFeTaB multilayer structures should 
have a compensation temperature (Tcomp)10,23. On this MT curve, it can also be clearly 
observed that a so-called Tcomp is around 98K, which means that the antiferromagnetic 
coupling between Gd and CoFeTaB layers will be changed with increasing the temperature15, 
as schematically shown in inset of Fig.2(a). When T < Tcomp, the Gd magnetic moment 
dominates in multilayer structures under external magnetic field. When Tcomp < T < Tc, the 
CoFeTaB magnetic moment dominates in multilayer structures. The Gd magnetic moment 
is more sensitive to temperature dependence than CoFeTaB, which has been confirmed by 
MT characteristics of the pure Gd21 and CoFeTaB22 materials. It is worth noting that , our 
Gd(4.8nm)/CoFeTaB(2nm) multilayer system is very similar to the Gd(5nm)/Fe(3.5nm) 
multilayers24, the magnetic phase transition temperature of Gd in the interface region is much 
higher than that of Gd in the bulk-like region, leads to more rich interfaces in TM/Gd 
multilayer systems, such as TM/Gd and Gdinterface/Gdbulk interfaces, as shown in inset of 
Fig.2(c). It can be proved that the existence of Gdbulk region by the no compensated M at 
Tcomp = 98K, as the black triangle shown in the Fig.2(a). From the overall trend profile of all 
the MT curves, the other samples should be similar to case of the sample annealed at 400℃, 
if not limited by the test temperature range. However, with the increase of annealing 
temperature, the M of multilayer structures shows a trend of decreasing on the whole. In 
addition, it is observed that there is no obvious bifurcation between the FC and ZFC 
processes in all the curves, which can confirm that there is no spin glass state 25. In addition, 
it's worth noting that the composite Currie temperature (Tc) of the multilayer structures is 
overall decreased trend with the increase of annealing temperature, although there is a slight 
increase after annealing at 400℃. The composite Tc of all samples is lower than Gd 
(Tc=293K)24 and CoFeTaB22 (Tc more than 583K) films, which means that magnetic 
properties of the multilayer composite structure are obviously different from the simple Gd 
and CoFeTaB film systems because of the Gd/CoFeTaB interfacial effects in the system. 
In-plane hysteresis (MH) loops of unannealed and annealed samples are measured under 
65K, 150K and 300K. As shown in Fig.2(b) and Fig.2(c), all the samples exhibits a 
ferromagnetism under 65K and 150K, and are almost close to a state of saturation 
magnetization (Ms) when the magnetic field (H) increases to 4 kOe, except for the sample 
annealed at 400℃. Here, the M of the sample annealed at 400℃ does not easily reach 
saturation state under 150K, this means that there is a non-ferromagnetic phase in the system. 
Moreover, a bee-waist hysteresis loop is observed in MH loops of all samples, as shown in 
Fig.2(c) as well as in the inset of Fig.2(b), which also indicates that different magnetic phases 
coexist in the system26,27. Remember MT curves in Fig.2(a), each curve is not very smooth, 
which also indicate that the system has undergone a complex phase transition during the 
temperature change process. In addition, it is noteworthy that Ms at 65K (<Tcomp) and 150K 
(>Tcomp) of the annealed sample at 400℃ are almost same, as the orange curve shown in 
Fig.2(a), which means that there are two kinds of anti-ferromagnetic coupling magnetic 
moment competition in the multilayer system. As shown in Fig.2(d), the Ms of all the 
samples decreases significantly at 300K which is far less than that of single CoFeTaB film 
(248 emu/cm3, see inset of Fig.3(d)) and Gd bulk (2020 emu/cm3)24, and the ferromagnetism 
is also not obvious compared with the low temperature, because all the samples have been 
in the macroscopic paramagnetic state or the macroscopic weak-magnetic state higher than 
each composite Tc (see Fig.2(a)). Generally, annealing will enhance the magnetic order of 
the magnetic system, but it is abnormal in our multilayer system. From the Fig.1, it can also 
be observed that the crystalline order degree of Gd layers is improved with the increase of 
annealing temperature. However, it is found that the macroscopic Ms at 4 kOe and the 
coercivity (Hc) show an increasing and decreasing trend on the whole respectively, with the 
increase of annealing temperature, although the Ms and the Hc of annealed sample at 400℃ 
have a slight recovery, as shown in inset of Fig.2(d). This result is very similar to the Gd/Co 
multilayer system which belongs to the same system as Gd/Fe multilayer structures28,29, there 
also is an antiferromagnetic coupling at the Gdinterface/CoFeTaB interface. With the increase 
of annealing temperature, the mutual diffusion of elements at the Gdinterface/CoFeTaB 
interface will promote, which inevitably leads to the increase of interface roughness and the 
decrease of macroscopic Ms29. The increase of the interface roughness will also cause the 
increase of the pinning center of the magnetic domain wall at the interface, which will 
increase the Hc28. However, the crystallization of Gd layer gradually impedes the mutual 
diffusion of elements at interface, which can inhibit the interface roughness caused by 
annealing, and be beneficial to the increase of macroscopic Ms as well as the decrease of Hc. 
All the samples were analyzed by magnetic resonance (FMR) spectroscopy at 70K,150K 
and 300K. The FMR microwave range was 2~10 GHz and the scanning magnetic field was 
0~3kOe. However, In-plane FMR signals at 150K were detected in both unannealed and 
annealed samples, except for the sample annealed at 400℃, as shown in Fig.3(a). Moreover, 
no FMR signals were detected in all samples at 70K and 300K. From the Fig.3(a), it is found 
that the FMR signals gradually weaken as the annealing temperature increases. 
The relationship between the resonance field (𝐻𝑓) and the resonance frequency (𝑓) was 
obtained from the FMR signals, as shown in the Fig.3(b). It is found that the results are in 
good agreement with Kittel's equation30, 𝑓 = 𝛾𝜇0 2𝜋 ∙⁄ √𝐻𝑓(𝐻𝑓 + 𝑀𝑠) . Where, 𝛾  is a 
gyromagnetic ratio and 𝜇0 is a permeability of vacuum. It can be observed that the Ms of 
multilayer structures is decreased with the increase of annealing temperature (see the yellow 
arrow), which result was also observed in the hysteresis loop at 150K (see Fig.2(c)). The Ms 
at 150K of unannealed Gd/CoFeTaB multilayer structure is lower than that of single 
unannealed CoFeTaB film, which means that there is the anti-ferromagnetic coupling at the 
Gd/CoFeTaB interface, as schematically shown in inset of Fig.2(a). Moreover, it is observed 
that the Ms of CoFeTaB films increases with the increase of annealing temperature (see inset 
of Fig.3(d)), but the Ms of our multilayer structures decreases with the increase of annealing 
temperature (see Fig.2(d)). This means that the reduction in macroscopic Ms of 
Gd/CoFeTaB multilayer structures caused by annealing is due to the magnetic compensation 
effect of Gd layers. 
The relationship between  and ∆𝐻 (the full width at half maximum (FWHM) of FMR 
spectrum), ∆𝐻 = 4𝜋𝛼𝑓 𝛾⁄ + ∆𝐻0
31, was obtained from the FMR signals, as shown in the 
Fig.3(e). Here, ∆𝐻0  is a frequency–independent factor attributed to inhomogeneous 
linewidth broadening which is typically attributed to variations in the intrinsic sample 
properties32. The Gilbert damping constant, 𝛼, can be calculated by the relationship between 
 and ∆H, such as 𝛼 ≈ 0.02 for the single CoFeTaB film, 𝛼 ≈ 0.07 for the unannealed 
Gd/CoFeTaB multilayer sample, and 𝛼 ≈ 0.10  (0.11) for the multilayer sample annealed 
at 200℃ (300℃). When CoFeTaB is in a single film, the 𝛼 was small, but when it is 
combined with Gd to form a multilayer structure, the 𝛼 increases by about 3.5 times at 
150K. By the comparison of hysteresis loops of unannealed Gd/CoFeTaB multilayer sample 
(see Fig.2(d)) and single CoFeTaB sample (see inset of Fig.3(d)), although the Ms of the 
multilayer sample was reduced by about 82.3 % after the combination of Gd and CoFeTaB, 
but the 𝛼 can still be significantly increased due to the magnetic susceptibility (𝜒) also 
decreased by about 99.8 %, according to 𝛼 ∝ Ms(1 + 𝜒−1)33. This effectively demonstrates 
the introduction of antiferromagnetic coupling at the interface when Gd and CoFeTaB are 
combined into a multilayer structure. In addition, it can be observed from the Fig.3(e) that 
the 𝛼 of the multilayer sample further increases with the increase of annealing temperature, 
which is attributed to the increase of Gdinterface thickness
34 caused by annealing leading to the 
enhancement of antiferromagnetic coupling at the Gd/CoFeTaB interface. 
In summary, the existence of interfacial antiferromagnetic coupling is proved by studying 
the effect of annealing temperature on the magnetic properties of CoFeTaB/Gd multilayer 
structures. It is also demonstrated the feasibility of the artificial multilayer antiferromagnetic 
structure composed of TM and RE, which provides the possibility for the realization of 
spintronics devices without stray field.  
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Figures 
 
Fig.1. (a) Schematic diagram of multilayer samples and (b) XRD patterns of annealed 
samples at different temperatures. TEM images of (c) unannealed sample and (d) annealed 
sample at 400 ℃. Insets of (c) and (d) are a partial enlargement. 
  
 Fig.2. (a) Effect of annealing temperatures on MT characteristics of multilayer structure. 
The blue ↑  and red ↑  in the inset indicate magnetic moments of Gd and CoFeTaB, 
respectively. Under (b) 65K (inset zooms in on the shaded area), (c) 150K, and (d) 300K, 
the effect of annealing temperatures on MH characteristics of multilayer structure. Inset of 
(c) schematically show the Gdinterface and Gdbulk regions in Gd layers (arrows are magnetic 
moment). Inset of (d) show effect of annealing temperatures on Ms and Hc values at 300K.  
  
 Fig.3. Ferromagnetic resonance spectra of (a) unannealed, (b) 200℃ and (c) 300℃ 
annealed multilayer structures. Inset show in-plane FMR schematic diagram. The 
dependence of (d) Hf and (e) ∆H on FMR frequency of multilayer structures and CoFeTaB 
films at 150K. Solid and dotted lines represent data fitting lines. Inset of (d) show hysteresis 
loops for the unannealed and 300℃ annealed CoFeTaB films. 
 
